West Africa is currently experiencing a severe outbreak of Ebola virus disease (EVD). As part of the international effort to address this outbreak, the United States has committed to building specialized Ebola treatment facilities with 1700 beds.
Introduction
Since March of 2014, West Africa has been experiencing an outbreak of Ebola virus disease (EVD) of unparalleled size, beginning in Guinea and spreading to Liberia and Sierra Leone, with sporadic cases in Nigeria, Senegal and outside Africa.
Model--based projections of the progress of the outbreak forecast an increasingly dire epidemic (1--3) , with no suggestion that it will come under control in the foreseeable future without a robust response from the international community.
As part of the response to the epidemic, the United States has committed to constructing up to 17 specialized Ebola treatment centers with 1700 beds (4) . These centers are intended to provide state--of--the--art care for patients with EVD, with appropriate equipment and supplies to follow infection control guidelines, and the means to safely handle the remains of those who die from the disease. Although beneficial to patients who are treated in these facilities, the impact of their introduction on the epidemic as a whole -especially as the number of new infections continues to grow --remains unknown.
Mathematical models may be used to forecast the effect of an intervention before it is put into practice, building off what is presently known about the epidemic in order to make predictions. In this study we adapt a previously validated model of the current Ebola outbreak in Liberia to examine under what circumstances the construction of specialized Ebola treatment centers might impact the epidemic, and what additional measures may need to be applied to bring it fully under control in the near future.
Methods:
Case Time series A time series of laboratory confirmed, suspected and probable cases of EVD as reported by the World Health Organization and the Liberian Ministry of Health was collected, and is available in curated form at https://github.com/cmrivers/ebola. A combination of all three types of cases is thought, given the severe constraints on laboratory testing within Liberia, to better represent the current state of the outbreak.
Mathematical Model
A two--stage compartmental model was used to represent the course of the outbreak up to the present, and the potential impact of increasing the capacity of the healthcare system within the near future. In the first stage, the compartmental structure is similar to that in Legrand et al. (5) , which has been previously used to describe the 1995 outbreak in the Democratic Republic of the Congo, the 2000 outbreak in Uganda, and the current outbreak in both Liberia and Sierra Leone(1).
Technical details of the model can be found in (1) . Briefly, the population is divided into six compartments, as shown in Figure 1A . Susceptible individuals without EVD may become exposed (E) after contact with an infected individual, and in turn become infectious (I) once the disease's incubation period has passed. A proportion of these individuals may seek medical treatment (H). Whether or not they seek treatment, infected patients may experience one of two possible outcomes. Either they die of their infection, wherein they may infect others during the burial process (F) before they are removed from the model (R), or they may recover, whereupon they are also removed. The second stage of the model, which contains more detail regarding improvements to the healthcare system in Liberia, is shown in Figure 1B . Here, the H compartment used in the first stage is broken up into three separate compartments: HE, HC and HH which represent treatment at specialized Ebola Treatment Centers (ETCs), local Ebola Community Centers (ECCs) and home--based medical care using take--home kits, respectively. Each of these levels of care also has a corresponding funeral class (FE, FC and FH) to model the burial of those patients who die of their infection while under the supervision of the healthcare system. The rate at which patients are admitted into each type of healthcare is based on the number of available beds -when capacity is high, patients are admitted more frequently to ETCs, while when capacity is low they are more likely to be admitted to ECCs or given take--home kits during times of extreme bed shortages. The equations that govern this stage of the model are shown in Eq. 1, and the parameters used in Table 1 .
Model Validation and Stochastic Simulation
The first stage of the model is fit and validated against current outbreak data using a weighted least--squares optimization, as discussed in Rivers et al., 2014(1) .
This model provides a mathematical representation of the epidemic up to Oct. 1, 2014 . After this date, the second stage of the model is stochastically simulated using
Gillespie's algorithm with a tau--leaping approximation(6, 7) using the same parameters as the validated model fit as described above, and with initial populations in each compartments matching the states of the deterministic compartments on Oct. 1, with patients in the H compartment assumed to be members of HC. This model is simulated 250 times for a 90--day period, to give a collection of epidemic forecasts accounting for the role of random chance (8) . All models were implemented using Python 2.7 and the StochPy library for stochastic simulation(9).
Modeled Scenarios Four potential interventions were modeled, based off the goal set by the U.S.
government of 1700 ETC beds rolled out in 10 weeks, along with three times that number of ECC beds. The first scenario models the planned intervention -the addition of 170 beds per week for 10 weeks ('planned rollout'). Additionally, we examine the deployment of the proposed number of beds in half the amount of time ('fast rollout'), the deployment of twice the number of beds in the proposed 10--week period ('double rollout'), and the deployment of twice the number of beds in half the amount of time ('super rollout'). Additionally, each scenario is considered under three different potential levels of efficacy for infection control and safe burial practices. In the "ideal" case, ETCs reduce the transmission parameters for both hospital and funeral transmission by 100%, ECCs by 70% and home kits by 50%, reducing their corresponding βH and βF parameters. In the "optimistic" case, this reduction is 90%, 50% and 10% respectively, and in the "conservative" case, this reduction is 80%, 20% and 0%. A baseline scenario, where the epidemic is allowed to continue without intervention, was also modeled (Table 2 ).
In addition to these scenarios, a number of potential supplemental or coexisting interventions were modeled. Using the most aggressive scenario -the super rollout with ideal infection control, we model the effect of a 25% and 50% reduction in time until hospitalization (ϒH), representing increased access to care due to the strategic placement of ETCs, or an increased willingness to seek care earlier during the course of infection due to public perception of an increased chance of survival. Finally, we combine the super rollout and 25% time to hospitalization decrease outlined above with a 25% or 50% reduction in community transmission (βI) to represent co--occurring interventions in the community at large.
Human Subjects
As this study uses publically available data without personal identifiers, it was determined not to require IRB approval.
Results

Model Validation and Baseline Prediction
The first--stage deterministic model fit the reported cumulative cases well scenario also shows the epidemic having moved to a linear growth phase, and the 50% reduction results in a cumulative case curve that has begin to level off completely, indicating that the peak of infection has passed ( Figure 7 ).
Discussion
The results of these forecasts suggest several key aspects to the proposed augmentation of the Liberian healthcare system with newly constructed hospitals meant to treat Ebola patients. The first is that these facilities have a considerable impact on the overall burden of disease, resulting in over 45,000 fewer cases between the baseline, uncontrolled scenario and the next worst scenario with improved healthcare infrastructure. Despite this, an improved healthcare system alone cannot stop the current epidemic, nor even move it toward more manageable linear growth. These findings agree with those suggested by other modeling studies (10) . The second is that the variation within a given scenario (e.g. between the ideal and conservative parameters) is considerably higher than between scenarios (e.g. between the planned rollout and the super rollout), which highlights the importance of hospital infection control in preventing infections. Simply increasing the overall number of beds has less value in preventing infections than ensuring that those beds are well staffed and equipped, and capable of handling EVD patients without causing secondary transmission. This finding is mirrored by the small number of cases in the United States, where secondary transmission was the result of failures in infection control, rather than an absence of available facilities. Finally, these results underscore the importance of the interaction between the community in Liberia and the healthcare system. Previous work has shown that even with extremely high levels of hospitalization, the epidemic can still continue based on the time infected patients spend in the community before seeking treatment. Even a relatively modest 25% decrease in the time until an infected patient seeks treatment has a dramatic impact on the course of the outbreak, and suggests that access to treatment, be it optimized placement of treatment centers, better follow--up of exposed contacts, or another factor may be beneficial in bringing the epidemic under control. Similarly, reductions in community transmission, when done in concert with improved treatment and reduced time to hospitalization, results in an epidemic that is only a fraction of the size of an control strategy relying strictly on improved healthcare infrastructure. While improvements in healthcare infrastructure have the potential to markedly improve the ongoing Ebola epidemic in Liberia, they are not sufficient to bring the outbreak under control, even under fairly aggressive assumptions about the quantity and speed at which they are constructed. Instead, a multifaceted approach is needed. In conjunction with increases in the number of available beds, basic tools of public health, such as improved messaging, as well as there careful consideration of how patients get to the treatment centers once they are in place, will be essential. In any scenario, a long--term commitment to healthcare infrastructure, hospital infection control, and community--level interventions will be needed from the international community. S" E" F" I" H" R"
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